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Although  the  first  abiotically  catalyzed  glucose  fuel  cells  have  already  been  developed  as  sustainable 
power  supply  for  medical  implants  in  the  1970s,  no  detailed  information  concerning  the  fabrication  of 
these  devices  has  been  published  so  far.  Here  we  present  a  comprehensive  manufacturing  protocol  for  such 
a  fuel  cell,  together  with  a  detailed  analysis  of  long-term  performance  in  neutral  buffer  containing  physi¬ 
ological  amounts  of  glucose  and  oxygen.  In  air  saturated  solution  a  power  density  of  (3.3  ±  0.2)  [iW  cm-2 
is  displayed  after  10  days  of  operation  that  gradually  decreases  to  a  value  of  (1.0  ±  0.05)  piW  cm-2  in  the 
course  of  224  days.  A  novelty  of  this  work  is  the  characterization  of  fuel  cell  performance  with  individually 
resolved  electrode  potentials.  Using  this  technique,  we  can  show  that  the  major  part  of  performance  degra¬ 
dation  originates  from  a  positive  shift  of  the  anode  potential,  indicating  that  a  more  poisoning-resistant 
glucose  oxidation  catalyst  would  improve  the  degradation  behavior  of  the  fuel  cell.  As  further  factors 
influencing  performance  an  incomplete  reactant  separation  and  a  mass  transfer  governed  cathode  reac¬ 
tion  under  the  relatively  low  oxygen  partial  pressures  of  body  tissue  have  been  identified.  Consequently 
we  propose  an  oxygen  depleting  electrode  interlayer  and  the  application  of  more  effective  oxygen  reduc¬ 
tion  catalysts  as  promising  strategies  to  further  improve  the  fuel  cell  performance  under  physiological 
concentrations  of  glucose  and  oxygen. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

1.1.  A  sustainable  fuel  cell  power  supply  for  medical  implants 

At  present,  a  number  of  approaches  are  being  pursued  to  realize 
a  battery-independent  power  supply  for  active  medical  implants 
[1,2].  Besides  mechanical  [3,4]  and  thermoelectric  [5,6]  genera¬ 
tors,  also  implantable  glucose  fuel  cells  [7-9]  are  being  considered. 
These  fuel  cells  generate  electrical  energy  by  the  electrochemical 
reaction  of  glucose  with  oxygen  at  two  spatially  separated  elec¬ 
trodes.  The  relatively  constant  availability  of  glucose  and  oxygen 
in  body  fluids  (e.g.  blood,  interstitial  fluid)  allows  for  the  contin¬ 
uous  production  of  electricity.  This  is  their  main  advantage  over 
mechanical  and  thermoelectric  generators,  both  being  dependent 
on  the  non-continuous  nature  of  vibrations  or  temperature  differ¬ 
ences  within  the  human  body. 

Key  components  in  the  design  of  glucose  fuel  cells  are  the  active 
materials  that  catalyze  the  electrode  reactions  of  glucose  and  oxy¬ 
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gen.  Whereas  enzymatic  catalysts  offer  high  reactant  specificity  and 
high  reaction  rate,  the  limited  stability  of  enzymes  makes  long¬ 
term  operation  difficult.  The  life-span  of  such  fuel  cells  is  typically 
in  the  order  of  weeks  [10].  In  the  medical  context  such  systems  are 
currently  only  considered  for  the  electricity  supply  of  short-term 
implantable  sensors  [9,11].  An  alternative  option  is  the  use  of  abi¬ 
otic  catalysts,  as  for  instance  platinum  and  activated  carbon.  These 
catalysts  are  less  specific  and  exhibit  generally  lower  reaction  rates 
compared  to  enzymes,  but  their  stability  makes  them  preferable 
when  it  comes  to  long-term  application. 

The  first  prototype  of  an  abiotically  catalyzed  glucose  fuel  cell 
as  potential  power  supply  for  medical  implants  has  been  reported 
by  Warner  and  Robinson  [12].  Driven  by  the  limited  performance  of 
implant  batteries  available  at  that  time,  a  number  of  academic  and 
industrial  research  groups  actively  pursued  the  technology  during 
the  following  years  [13-15].  In  first  in  vivo  studies  [13,16],  proto¬ 
types  implanted  subcutaneously  in  a  dog  exhibited  power  densities 
in  the  range  of  2  pWcnrr2,  which  is  sufficient  to  power  a  cardiac 
pacemaker,  over  periods  of  up  to  5  months.  Despite  these  promising 
results,  the  development  has  been  stopped  after  the  introduc¬ 
tion  of  lithium-iodine  batteries  in  1972  [17-19]  and  the  associated 
increase  in  the  battery-dependent  lifetime  of  cardiac  pacemakers. 
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In  the  recent  years  two  trends  have  revived  the  interest  in  abi- 
otically  catalyzed  glucose  fuel  cells.  On  one  side  the  lack  of  a  truly 
sustainable  implant  power  supply  becomes  more  and  more  evident 
with  the  increasing  number  of  low  power  MEMS  (micro-electro¬ 
mechanical  systems)  implants  [2].  At  the  same  time  there  has  been 
considerable  progress  in  designing  power  efficient  implant  elec¬ 
tronics,  for  example  low  power  pacemaker  circuits  [20]  or  highly 
efficient  bionic  ear  processors  [21].  The  applicability  of  abioti- 
cally  catalyzed  glucose  fuel  cells  is  thus  no  longer  concentrated 
on  cardiac  pacemakers,  but  appears  feasible  for  a  wider  range  of 
implantable  devices. 

1.2.  Manufacturing  protocols  and  long-term  performance  studies 
in  the  literature 

Although  the  general  design  and  performance  of  abiotically  cat¬ 
alyzed  glucose  fuel  cells  has  been  described  in  the  literature  before 
[13,15,22],  the  published  information  concerning  manufacturing 
protocols  and  also  performance  characterization  is  inconclusive. 
Presumably  due  to  the  strong  industry  involvement,  proprietary 
knowledge  has  often  not  been  disclosed.  An  extensive  literature 
review  covering  the  available  construction  and  performance  data 
has  been  prepared  by  our  group  [23]. 

As  key  components  the  fabrication  of  the  fuel  cell  electrodes  is  of 
particular  interest.  Whereas  also  commercially  available  platinum 
black  fuel  cell  electrodes  have  been  used  [15,24],  Rao  et  al.  described 
the  fabrication  of  electrodes  from  activated  carbon  with  a  glucose 
permeable  polymer  hydrogel  as  binder  [14,22].  Similarly,  Gebhardt 
et  al.  [25]  reported  the  fabrication  of  self-supporting  Raney-type 
electrodes  for  glucose  oxidation  from  platinum-nickel  alloy  foils. 
Unfortunately  the  experimental  procedures  are  not  described  in 
detail,  rendering  the  reproduction  of  the  historic  work  difficult. 

In  summary,  a  limitation  of  all  literature  reports  is  the  lack  of 
a  comprehensive  work  that  links  a  defined  fabrication  procedure 
to  fuel  cell  performance.  Furthermore,  the  long-term  functionality 
of  the  historic  devices  has  only  been  reported  in  terms  of  overall 
performance.  A  detailed  investigation  of  the  degradation  behavior 
of  the  individual  electrodes,  pre-requisite  for  specific  optimization, 
has  to  our  best  knowledge  not  yet  been  carried  out.  In  the  present 
work  we  address  both  issues  by  presenting  a  complete  manufac¬ 
turing  procedure  reconstructed  from  the  available  literature  data 
of  Rao  et  al.  [14,16,22,26,27],  together  with  the  long-term  in  vitro 
performance  of  the  anode  and  cathode  over  a  period  of  240  days. 
In  addition  the  sensitivity  of  fuel  cell  performance  to  a  variation  of 
glucose  and  oxygen  concentrations  within  the  physiological  range 
is  investigated. 

In  Section  2  of  this  paper  the  general  design  and  the  selection  of 
fuel  cell  materials  are  described,  whereas  the  reconstructed  man¬ 
ufacturing  protocol  is  presented  in  Section  3.  Section  4  comprises 
the  experimental  procedures  for  fuel  cell  characterization  and  data 
analysis,  followed  by  the  results  and  discussion  part  in  Section  5 
and  a  final  conclusion. 

2.  Design  of  an  abiotically  catalyzed  glucose  fuel  cell 

For  application  as  an  implantable  power  supply,  the  fuel  cell 
reconstructed  in  this  work  has  to  meet  a  number  of  requirements. 
Of  utmost  importance  is  the  selection  of  potentially  biocompatible 
materials  that  are  amenable  to  established  sterilization  techniques, 
e.g.  heat  sterilization  at  121  °C.  To  facilitate  implantation  and  sys¬ 
tem  integration,  a  surface  mountable  fuel  cell  would  be  desirable 
that  operates  in  tissue  rather  than  directly  in  the  blood  stream. 
Such  a  device  can  be  implemented  as  an  external  coating  to  medical 
implants  and  would  allow  for  the  construction  of  a  fully  integrated 


system,  without  the  need  for  additional  surgery  and  intra-body 
wire  connections.  Based  on  these  requirements  we  identified  the 
design  originally  reported  by  Rao  et  al.  [  14]  as  a  promising  approach 
for  the  reconstruction  of  a  manufacturing  protocol.  In  first  animal 
trials  their  fuel  cell  showed  encouraging  results,  exhibiting  power 
densities  of  1.6  pAVcirr2  over  a  period  of  150  days  [16]. 

In  the  following  sections  the  deduced  reactant  separation  con¬ 
cept  as  well  as  the  fuel  cell  construction  materials  used  in  this  work 
are  described  and  compared  to  the  original  design. 

2.1.  Reactant  separation  concept 

With  conventional  fuel  cells  it  is  common  to  supply  the  reac¬ 
tants  separately  to  the  electrodes.  This  is  not  possible  for  a  fuel 
cell  operating  in  equilibrium  with  physiological  fluid  (e.g.  intersti¬ 
tial  fluid,  blood),  where  both,  oxygen  and  glucose,  are  dissolved. 
Catalysts  for  the  selective  reduction  of  oxygen  in  the  presence  of 
glucose  are  known,  e.g.  silver  or  activated  carbon  [26].  However, 
no  non-enzymatic  catalyst  is  presently  available  that  allows  for 
the  selective  glucose  electro-oxidation  in  the  presence  of  oxygen. 
On  the  surface  of  a  noble  metal  catalyst  both,  glucose  oxidation 
and  oxygen  reduction  can  therefore  take  place  simultaneously.  As 
a  consequence  the  anode  attains  a  mixed  potential  between  the 
potentials  of  glucose  oxidation  and  oxygen  reduction.  The  terminal 
voltage  of  the  fuel  cell  is  thus  drastically  lowered,  impairing  the 
generation  of  electricity. 

In  order  to  circumvent  this  electrochemical  short-circuit,  we 
selected  a  variant  of  the  electrode  arrangement  originally  proposed 
by  Rao  et  al.  [28].  The  reactant  mixture  diffuses  from  the  surround¬ 
ing  environment  into  the  fuel  cell.  Oxygen  is  selectively  reduced  at 
the  outer  oxygen-selective  cathode  (e.g.  activated  carbon,  silver)  and 
thus  removed  from  the  reactant  mixture.  This  results  in  a  predomi¬ 
nantly  anoxic  region  inside  the  fuel  cell.  There  the  electro-oxidation 
of  glucose  can  take  place  at  a  non-selective  platinum  anode.  The 
fuel  cell  can  be  mounted  on  an  impermeable  surface,  since  reac¬ 
tant  access  from  one  side  is  sufficient  (Fig.  1).  Both  electrodes  are 
fabricated  from  electrically  conductive  catalyst  particles  embedded 
in  a  glucose  permeable  polymer  hydrogel  binder.  A  separator  mem¬ 
brane  that  allows  for  the  diffusion  of  glucose  and  oxygen  electrically 
insulates  the  electrodes. 

Although  this  two-electrode  setup  is  described  in  a  patent  by 
Rao  et  al.  [29],  performance  data  is  only  available  for  a  version  with 
a  central  anode  arranged  between  two  cathodes.  This  has  to  be  con¬ 
sidered  when  comparing  the  power  density  of  their  devices  to  the 
fuel  cell  described  in  this  work. 

2.2.  Selection  of  fuel  cell  materials 

The  fuel  cell  materials  used  in  this  work  are  compared  to  the 
materials  reported  in  historic  works  [14,16,22,26,27]  in  Table  1.  As 
Rao  et  al.  we  used  activated  carbon  as  cathode  catalyst,  whereas 
our  anode  catalyst  consisted  of  an  activated  carbon  supported 
platinum-bismuth  alloy.  This  catalyst  is  commercially  available  and 
has  been  specifically  developed  for  the  direct  oxidation  of  glu¬ 
cose  to  gluconic  acid  [31].  From  the  various  reported  binders  for 
electrode  fabrication  we  selected  a  poly( vinyl  alcohol)-poly( acrylic 
acid)  hydrogel  (PVA-PAA)  since  it  can  be  easily  crosslinked  by  ther¬ 
mal  esterification.  Instead  of  the  originally  reported  silver  mesh 
we  employ  a  current  collector  made  from  platinum  mesh,  due 
to  its  chemical  inertness  and  biocompatibility.  As  glucose  perme¬ 
able  separator  membrane  between  the  electrodes,  a  commercially 
available,  sterilizable  polyethersulfone  filter  membrane  has  been 
chosen.  To  replace  the  original  epoxy  casing,  a  jet-cut  polycarbon¬ 
ate  frame  was  designed  as  structural  support  in  which  the  fuel  cell 
components  are  clamped  together  between  silicone  rubber  gaskets 
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Fig.  1.  (A)  Reactant  separation  with  oxygen-selective  cathode  catalyst  and  surface  mountable  electrode  arrangement  (after  [28]).  See  text  for  explanations.  (B)  Principal 
electrode  reactions  of  an  abiotically  catalyzed  glucose  fuel,  assuming  that  glucose  (C6Hi206)  is  oxidized  to  gluconic  acid  (C6Hi207)  as  the  main  reaction  product  (after  [30]). 


(Fig.  3).  The  frame  allows  for  a  rapid  and  versatile  assembly  of  fuel 
cells  for  lab  experiments.  All  fuel  cell  materials  used  in  the  present 
work  have  been  chosen  to  be  sterilizable  and  at  least  potentially 
biocompatible  or  non-toxic.  Carbon  and  platinum  [32]  as  well  as 
PVA-based  hydrogels  [33,34]  possess  an  established  record  of  bio¬ 
compatibility.  Similarly,  the  polyethersulfone  filter  membrane  has 
passed  the  in  vivo  Biological  Reactivity  Test  according  to  USP  Chapter 
88  (Supor  450  product  data  sheet,  Pall  Corp.,  Ann  Arbor,  MI).  A  dedi¬ 
cated  biocompatibility  study  for  bismuth  is  -  to  our  best  knowledge 
-  not  available,  yet.  However,  bismuth  compounds  have  found  wide 
use  in  the  pharmaceutical  field  [35]  and  can  thus  be  assumed  to  be 
non-toxic. 

3.  Reconstructed  manufacturing  protocol 

The  manufacturing  of  a  complete  fuel  cell  starts  from  a  current 
collector  that  is  impregnated  with  catalyst  ink  to  form  the  indi¬ 
vidual  electrodes.  Together  with  a  glucose  permeable  separator 
membrane  the  electrodes  are  then  clamped  together  in  a  polycar¬ 
bonate  frame  that  gives  structural  support  to  the  whole  assembly. 
In  the  following  section  the  individual  manufacturing  steps  and 
materials  are  described  in  detail. 


3.1.  Current  collector  preparation 

Plain  weave  platinum  mesh  (82  wires  per  inch,  60  jxm  wire 
diameter,  Goodfellow,  Bad  Nauheim,  Germany)  with  the  dimen¬ 
sions  1.6  cm  x  2.0  cm  was  cleaned  with  acetone  and  annealed  for 
30  min  at  700  °C  in  air  atmosphere  to  release  internal  stress  from 
the  fabrication  process.  A  thin  and  stable  structure  was  obtained  by 
subsequent  flattening  of  the  mesh  with  a  hydraulic  press  at  approx. 
20  kN  cm-2 .  Each  current  collector  is  fitted  with  two  platinum  wires 
to  separately  connect  electrode  voltage  and  current.  To  this  end  a 
2.5  mm  x  20  mm  portion  at  the  outer  edge  of  the  mesh  was  folded 
and  two  separate  leads  made  from  doubly  twisted  50  p,m  platinum 
wire  (Chempur,  Karlsruhe,  Germany)  were  introduced  into  the 
pocket.  The  electrical  connection  between  the  mesh  and  the  wire 
was  established  by  pressing  the  junction  at  approx.  401<Ncnrr2. 
To  ensure  a  robust  connection  over  the  long-term  experiment  the 
junction  was  additionally  protected  by  conductive  carbon  cement 
(Leit-C,  Plano,  Wetzlar,  Germany). 

3.2.  Catalyst  ink  preparation 

As  catalyst  material  for  the  cathode  activated  carbon  (A  196, 
Degussa  AG  Hanau,  Germany)  was  used.  The  anode  catalyst  con- 


Table  1 

Comparison  of  the  fuel  cell  construction  materials 


Fuel  cell  component 

Rao  et  al. 

This  work 

Oxygen  reduction  catalyst 

Activated  carbon  [14];  silver  [22] 

Activated  carbon 

Glucose  oxidation  catalyst 

Platinized  activated  carbon  [14];  platinum  black  [26];  Pt-Ni 
alloy  foil  [25] 

Activated  carbon  with  5%  Pt  +  5%  Bi 

Polymer  binder 

PVA-PAA(8:1  w/w)  [14];  glycolmethacrylate  [14];  methacrylic 
acid  [22] 

PVA-PAA  (8:1  w/w) 

Electrode  thickness 

Cathode:  250  p,m  [27] 

480  |jim 

Separator  membrane 

PVA-PAA  membrane  [22];  PVA-soaked  cellulose  membranes, 

20  |jim  [26];  sulfonated  PTFE  [22];  dialysis  tubing  [22]; 
cuprophane  [22] 

Hydrophilic  polyethersulfone  membrane  with  450  nm 
pores,  140  p,m  thick 

Current  collector 

Silver  mesh  [14] 

Platinum  mesh 

Cell  housing 

Silastic  [16];  epoxy  resin  [14] 

Polycarbonate  frame  with  silicone  rubber  gaskets 
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Table  2 

Composition  of  the  catalyst  inks  for  cathode  and  anode 
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sisted  of  an  activated  carbon  supported  Pt-Bi  alloy  (CF  196,  5% 
Pt  +  5%  Bi,  Degussa  AG  Hanau,  Germany).  Prior  to  weighing  both 
materials  were  dried  for  30  min  at  110  °C  under  air.  A  spreadable 
catalyst  ink  was  prepared  by  thoroughly  mixing  the  catalyst  pow¬ 
ders  with  a  solution  prepared  from  distilled  water  and  appropriate 
amounts  of  poly( vinyl  alcohol)  (PVA  40-88,  205  kg  mol-1, 

Fluka  Chemie  GmbH,  Buchs,  Switzerland)  and  poly( acrylic  acid) 
(PAA,  240  kg  mol-1,  25wt.%  partial  sodium  salt  in  water, 
Aldrich  Chem.  Co.,  Milwaukee,  WI).  The  exact  composition  of  the 
inks  is  listed  in  Table  2.  Air  bubbles  entrapped  in  the  catalyst  ink 
were  removed  by  10-min  vacuum  treatment  at  approx.  lOmbar. 

3.3.  Electrode  fabrication 

Electrodes  were  fabricated  in  a  two-step  process  with  a  doc¬ 
tor  blade  technique,  as  illustrated  in  Fig.  2.  A  fluorinated  ethylene 
propylene  foil  (FEP,  Bohlender  GmbH,  Germany)  served  as  substrate 
from  which  the  dried  electrodes  could  be  easily  removed.  At  first  a 
layer  of  catalyst  ink  was  spread  to  a  thickness  of  260  |xm.  The  thick¬ 
ness  of  the  layer  was  controlled  by  the  height  of  a  casting  frame 
made  from  an  appropriate  number  of  adhesive  tape  layers.  The 
platinum  mesh  current  collector  was  introduced  on  top  of  the  still 
wet  catalyst  layer.  Immediately  a  second  260  |xm  layer  of  catalyst 
ink  was  applied  with  the  same  technique  as  before.  The  elec¬ 
trodes  were  dried  overnight  at  room  temperature  and  subsequently 
thermally  crosslinked  in  air  atmosphere  at  145  °C  for  80  min.  The 
crosslinked  electrodes  and  the  polyethersulfone  separator  mem¬ 
brane  (Pall  Supor  450,  450  nm  pore  size,  140  |xm  thickness,  VWR, 
Darmstadt,  Germany)  were  equilibrated  in  phosphate  buffered 
saline  (PBS  tabs/pH  7.4,  Invitrogen,  Karlsruhe,  Germany)  at  room 
temperature.  Entrapped  air  within  the  components  was  removed 
by  a  60-min  vacuum  treatment  in  PBS  at  approx.  10  mbar. 

3.4.  Fuel  cell  assembly 

Following  the  degassing  step  the  still  wet  fuel  cell  components 
were  clamped  together  in  a  polycarbonate  holder  (jet-cut  from 
5  mm  Makrolon,  Bayer  Sheet  Europe  GmbH,  Darmstadt,  Germany), 
using  silicone  rubber  gaskets  (jet-cut  from  2  mm  thick  silicone  elas¬ 
tomer  foil,  #  115-2325,  VWR,  Darmstadt,  Germany)  and  four  nylon 
screws  (Fig.  3).  The  complete  device  was  immersed  in  PBS  and 
subject  to  a  second  vacuum  treatment  to  remove  any  air  pockets 
that  formed  during  the  assembly  procedure.  Fig.  3  depicts  the  con¬ 
struction  of  the  complete  fuel  cell.  Both  cathode  and  anode  have  a 
nominal  thickness  of  480  [xm,  with  active  electrode  dimensions  of 
1.5  cm  x  1.5  cm. 

4.  Experimental  procedures 

The  long-term  performance  of  three  fuel  cells  has  been  charac¬ 
terized  in  a  series  of  regularly  recorded  current  density-potential 
curves.  To  avoid  an  overestimation  of  the  performance  by  an  exces¬ 
sively  fast  scan  rate  the  current  density  has  been  increased  in 
steps  of  4.4fjiAcnrr2  once  the  fuel  cells  attained  a  stable  poten¬ 


tial  with  a  voltage  drift  of  less  than  0.2  mV  h-1.  The  recording 
of  a  complete  load  curve  with  seven  current  density  steps  thus 
requires  approx.  1  week.  Given  the  time-dependent  degradation 
of  the  fuel  cell  performance  it  is  not  feasible  to  investigate  the 
effect  of  different  oxygen  partial  pressures  on  fuel  cell  performance 
by  a  sequential  experimental  procedure.  The  three  fuel  cells  from 
the  long-term  experiment  therefore  serve  as  a  baseline  to  which 
the  performance  of  a  fourth  cell,  operated  in  parallel  but  under 
different  oxygen  partial  pressures,  is  compared.  A  different  strat¬ 
egy  has  been  devised  to  characterize  the  glucose  sensitivity  of  the 
fuel  cell  performance.  The  fuel  cells  were  operated  at  constant 
current  density,  and  by  stepwise  additions  of  glucose  its  direct 
effect  on  electrode  potential  and  thus  fuel  cell  performance  can 
be  shown.  In  the  following  the  test  setup  and  the  experimen¬ 
tal  procedures  for  long-term  performance,  oxygen  sensitivity  and 
glucose  sensitivity  as  well  as  the  data  analysis  are  explained  in 
detail. 

4.1  Test  setup 

The  fuel  cells  were  mounted  on  top  of  a  glass  slide  in  indi¬ 
vidual  600  ml  glass  beakers  using  epoxy  resin  (UHU  plus  sofort 
fest,  UHU  Buhl,  Germany).  A  polycarbonate  (5  mm  Makrolon, 
Bayer  Sheet  Europe  GmbH,  Darmstadt,  Germany)  lid  with  open¬ 
ings  for  aeration,  medium  exchange,  reference  electrode  and  gas 
outlet  was  fitted  on  top  of  the  beaker  and  sealed  with  silicone 
elastomer  (Sylgard  186,  Dow  Corning,  Wiesbaden,  Germany).  It 
was  also  used  to  glue  a  2-mm  silicone  rubber  sheet  with  cen¬ 
tral  hole  on  top  of  the  polycarbonate  lid.  This  way  a  gas-tight 
seal  around  the  reference  electrode  opening  could  be  estab¬ 
lished.  All  other  openings  were  equipped  with  sterile  filters  (FP 
30/0.2  CA-S,  0.2  |xm  pore  size,  Whatman  GmbH,  Dassel,  Ger¬ 
many). 

After  assembly  in  the  glass  beakers  the  cells  were  autoclaved 
at  121  °C  for  15  min  in  phosphate  buffered  saline  to  prevent  the 
growth  of  microorganisms.  The  heat  sensitive  reference  electrodes 
were  thoroughly  rinsed  with  70vol.%  ethanol  and  introduced  into 
the  beakers  after  autoclavation  under  a  sterile  workbench.  Subse¬ 
quently  the  phosphate  buffered  saline  was  exchanged  through  the 
sterile  filters  with  fresh,  non-autoclaved  phosphate  buffered  saline. 

The  individual  fuel  cells  were  connected  in  series  with  a  sin¬ 
gle  Keithley  2400  source  meter  (Keithley  Instruments,  Germering, 
Germany)  operating  in  galvanostatic  mode  (at  defined  current), 
as  depicted  in  Fig.  4.  All  fuel  cells  were  therefore  subject  to  an 
identical  load  profile  throughout  the  experiments  reported  in  this 
work.  The  potentials  of  cathode  and  anode  were  recorded  in  5-min 
intervals  against  the  saturated  calomel  reference  electrode  (KE11, 
Sensortechnik,  Meinsberg,  Germany),  using  a  Keithley  2700  digital 
multimeter  system  (Keithley  Instruments,  Germering,  Germany). 
In  addition,  for  each  data  point  the  current  was  recorded  by  mea¬ 
suring  the  voltage  drop  across  a  100  £2  shunt  resistor  connected  in 
series  with  the  fuel  cells. 

The  aeration  gas  flow  rate  was  controlled  for  each  cell  indi¬ 
vidually  with  a  variable  area  flowmeter  (Dwyer  TMF-RMA-3-SSV, 
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Fig.  2.  Electrode  fabrication  by  doctor  blade  technique.  See  Section  3.2  for  explanations. 


Fig.  3.  (A)  Fuel  cell  components.  (1)  Polycarbonate  frame;  (2)  silicone  rubber  gasket;  (3)  cathode;  (4)  separator  membrane;  (5)  anode;  (6)  silicone  rubber  gasket;  (7) 
polycarbonate  backing.  (B)  Picture  of  the  prototype,  the  arrows  indicate  the  wire  connections. 


Reference 


Cathode  wires  Glass  beaker  (600  ml) 


Fig.  4.  Fuel  cell  test  setup.  See  Section  4.1  for  explanations. 
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Techmark,  Miinchen,  Germany)  at  0.5  L  min-1.  Excessive  evapora¬ 
tion  of  the  testing  medium  was  prevented  by  humidification  of  the 
gases  in  a  bubble  column.  Evaporated  water  was  regularly  replaced 
with  distilled  water  through  the  sterile  filters,  the  replenished  vol¬ 
ume  typically  amounting  to  less  than  5%  of  the  total  volume.  The 
complete  setup  was  installed  in  an  incubator  to  maintain  the  testing 
solution  at  a  constant  temperature  of  (37  ±  1 )  °C. 

4.2.  Fuel  cell  start-up  and  long-term  performance 

For  start-up  the  fuel  cells  were  held  at  open  circuit  in  fully  aer¬ 
ated  (p02  =  196  mbar),  glucose-free  PBS.  After  reaching  a  stable  cell 
voltage  the  glucose  concentration  in  testing  solution  was  adjusted 
to  5.0  x  10-3  mol  L-1  by  adding  the  appropriate  amount  of  glucose 
(from  a-D(+)-glucose  monohydrate,  Roth,  Karlsruhe,  Germany)  dis¬ 
solved  in  5  ml  distilled  water  through  the  sterile  filter.  Again,  the 
fuel  cells  were  allowed  to  reach  a  stable  open  circuit  voltage  (OCV), 
and  then  operated  for  4  days  at  a  current  density  of  17.8  pAcm-2. 

The  long-term  performance  was  characterized  by  performing 
seven  load  experiments  over  a  period  of  240  days.  Starting  from 
OpAcm-2  (open  circuit)  to  a  maximum  value  of  26.7p,Acm-2 
the  current  density  was  increased  in  steps  of  4.4fxAcm-2  once 
all  fuel  cells  reached  a  stable  cell  potential  (voltage  drift  of  less 
than  0.2  mV  h-1  at  a  given  current  density).  The  testing  medium 
throughout  this  experiment  was  fully  aerated  (p02  =  196  mbar)  PBS 
at  (37±1)°C,  containing  5.0 x  10-3 molL-1  glucose.  Before  each 
load  experiment  it  was  exchanged  through  the  sterile  filters. 

In  the  final  load  experiment  the  testing  medium  was  purged 
with  nitrogen  to  remove  oxygen.  The  anodes  were  operated  against 
an  external  counter  electrode  and  a  load  experiment  was  performed 
as  described  above  while  the  fuel  cell  cathodes  were  held  at  open 
circuit.  The  counter  electrode  (platinum  mesh)  was  situated  in  a 
separate  beaker  filled  with  PBS.  Both  beakers  were  connected  by  an 
ion  bridge,  constructed  from  a  polymer  wick  inside  a  silicon  rubber 
tube,  filled  with  PBS. 

In  between  112  and  169  days  of  operation  the  fuel  cells  were 
operated  at  constant  current  density  but  under  varying  concentra¬ 
tions  of  glucose  and  oxygen,  to  investigate  the  glucose  sensitivity 
of  the  fuel  cells  (see  Section  4.4). 

4.3.  Oxygen  sensitivity 

In  parallel  to  the  long-term  experiment  a  fourth  fuel  cell  was 
operated  under  the  same  conditions  but  varying  oxygen  partial 
pressures.  Between  30  and  80  days  of  operation  complete  load 
curves  were  obtained  under  oxygen  partial  pressures  of  131, 65,  and 
33  mbar.  Here,  the  oxygen  partial  pressure  of  65  mbar  (~7%  oxygen 
saturation)  is  approximately  between  the  values  reported  for  well- 
vascularized  tissue  (38  mmHg  [36])  and  subcutaneous  tissue  of  the 
human  arm  (60  mmHg  [37]).  In  lack  of  more  accurate  data,  this 
intermediate  value  was  chosen  as  the  upper  limit  resembling  the 
physiological  range  in  body  tissue.  As  lower  limit  an  oxygen  par¬ 
tial  pressure  of  33  mbar  (~3.5%  oxygen  saturation)  was  selected, 
which  corresponds  to  the  value  found  in  the  femoral  muscle  of  the 
mouse  (24  mmHg  [38]).  The  oxygen  concentration  in  the  testing 
medium  was  adjusted  by  mixing  corresponding  amounts  of  nitro¬ 
gen  (99.999%  purity)  and  air  with  variable  area  flowmeters  (Model 
112-02TA,  Analyt-MTC,  Miillheim,  Germany;  estimated  accuracy: 
±2  mbar  in  terms  of  oxygen  partial  pressure).  The  total  gas  flow 
was  kept  constant  at  0.5  L  min-1  in  all  cases. 

4.4.  Glucose  sensitivity 

To  assess  their  glucose  sensitivity  the  fuel  cells  were  operated 
at  constant  current  density  but  varying  glucose  concentrations 


between  2.5  x  10-3  and  10.1  x  10-3molL-1.  This  range  includes 
the  values  reported  for  adipose  tissue  and  blood  (3.8  x  10-3  and 
5.0  x  10-3  molL-1,  respectively  [39]).  The  glucose  concentration 
was  increased  in  steps  of  1.3  x  10-3  molL-1  once  the  cell  potential 
stabilized  (voltage  drift  less  than  0.2  mV  h-1).  To  maintain  steril¬ 
ity  the  appropriate  amounts  of  glucose  were  dissolved  in  5  ml  of 
distilled  water  and  introduced  into  the  beaker  through  a  sterile  fil¬ 
ter.  These  experiments  were  performed  at  oxygen  partial  pressures 
of  196  mbar  (corresponding  to  full  aeration)  and  33  mbar  (corre¬ 
sponding  to  the  low  value  of  the  estimated  physiological  range,  see 
Section  4.3). 

4.5.  Data  evaluation  and  graphical  presentation 

For  each  load  experiment  current  density-potential  plots  were 
constructed  from  the  stable  (voltage  drift  less  than  0.2  mV  h-1) 
electrode  potentials  at  a  given  current. 

The  oxygen  sensitivity  of  the  fuel  cells  is  presented  in  a  graph 
showing  the  difference  in  electrode  potential  between  three  refer¬ 
ence  fuel  cells  (operated  at  p02  =  196  mbar)  and  a  fourth  fuel  cell 
operated  at  lower  oxygen  partial  pressures.  Corresponding  current 
density-potential  difference  plots  were  constructed  according  to 
the  relation  AEo2  =  E(02)  -  ERef.  Herein  AEo2  represents  the  differ¬ 
ence  in  electrode  potential,  whereas  E(02)  and  ERef  are  the  current 
density  dependent  electrode  potentials  of  the  fuel  cells  operated  at 
lower  oxygen  partial  pressure  and  the  reference  fuel  cells,  respec¬ 
tively. 

A  glucose  sensitivity  graph  was  constructed  according  to 
AEGlc  =  Eafter -Ebefore.  Here  AEGlc  is  the  shift  in  anode  potential, 
with  Ebefore  an^  Eafter  denoting  the  stable  (voltage  drift  less  than 
0.2  mVh-1 )  anode  potential  before  and  after  increasing  the  glucose 
concentration  in  steps  of  1.3  x  10-3  molL-1. 

Throughout  this  work  the  experimental  results  for  power  den¬ 
sity  and  potential  are  reported  as  (mean  value  ±  sample  standard 
deviation).  Bars  in  graphs  represent  the  minimum  and  maximum 
value  of  three  experiments  conducted  in  parallel. 

5.  Results  and  discussion 

5.1.  Fuel  cell  start-up 

In  Fig.  5  the  exemplary  start-up  of  one  fuel  cell  in  phosphate 
buffered  saline  at  37  °C  is  shown.  Starting  from  time  zero  the  test- 


Fig.  5.  Exemplary  evolution  of  the  electrode  potentials  at  zero  current  (OCV)  in 
PBS.  Starting  from  time  zero  the  testing  solution  was  continuously  bubbled  with 
humid  air,  corresponding  to  an  oxygen  partial  pressure  of  196  mbar.  After  reaching  a 
stable  open  circuit  potential  glucose  was  added,  the  final  concentration  amounting 
to  5.0  x  10-3  mol  L-1  glucose  (as  indicated  in  the  figure). 
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Fig.  6.  Current  density-potential  plots  of  the  complete  fuel  cells  recorded  after  10 
and  234  days  of  operation,  as  indicated  in  the  figure.  Given  are  the  average  values  of 
three  parallel  experiments,  bars  represent  maximum  and  minimum  values. 


ing  solution  was  purged  with  humid  air  (p02  =  196mbar).  In  the 
absence  of  glucose  both  fuel  cell  electrodes  approach  their  respec¬ 
tive  open  circuit  potential  of  oxygen  reduction  within  1  day.  Due  to 
the  higher  catalytic  activity  of  the  platinum-bismuth  catalyst  the 
anode  open  circuit  potential  is  by  approximately  60  mV  more  posi¬ 
tive  than  the  open  circuit  potential  of  the  activated  carbon  cathode, 
resulting  in  a  reversal  of  cell  polarity.  Since  platinum-bismuth  is 
also  catalytically  active  for  glucose  oxidation  the  anode  open  circuit 
potential  attains  a  drastically  more  negative  value  upon  addition  of 
glucose  to  the  testing  solution.  Due  to  the  presence  of  oxygen  and 
the  associated  mixed  potential  formation  the  open  circuit  poten¬ 
tial  of  the  anodes  reaches  only  to  -(197  ±  7)  mV  vs.  SCE,  in  contrast 
to  the  -(518  ±  25)  mV  vs.  SCE  that  have  been  obtained  with  similar 
electrodes  in  oxygen-free  solution  ( [ 8  ] ,  see  also  Fig.  9 ).  The  activated 
carbon  cathode,  which  is  not  catalytically  active  towards  glucose 
oxidation,  exhibits  only  a  small  negative  shift  of  approx.  -20  mV 
in  open  circuit  potential  upon  addition  of  glucose.  The  open  circuit 
voltage  of  the  complete  fuel  cells  thus  approaches  (363  ±  11 )  mV. 

5.2.  Long-term  performance 

The  average  current  density-potential  curve  of  three  glucose 
fuel  cells,  recorded  after  10  days  and  again  after  234  days  of  oper¬ 
ation,  is  compared  in  Fig.  6.  Its  shape  exhibits  the  typical  fuel  cell 
features.  In  the  low  current  density  range,  between  open  circuit  and 
4.4  pAcm-2,  the  slope  of  the  voltage  curve  is  steeper,  correspond¬ 


Fig.  8.  Time-dependent  evolution  of  cathode  and  anode  potentials  at  open  circuit 
(— ),  at  8.9|jiAcm-2  ( - ),  and  at  17.8p.Acm-2  ( — ).  Cathode  and  anode  poten¬ 

tials  (as  indicated  in  the  figure)  are  extracted  from  repeatedly  recorded  current 
density-potential  plots  and  quoted  against  a  saturated  calomel  electrode  (SCE)  in 
the  same  solution.  Given  is  the  average  of  three  parallel  experiments,  bars  represent 
maximum  and  minimum  values. 


ing  to  the  activation  polarization  of  the  electrochemical  reactions 
[40].  At  current  densities  between  4.4  and  13.9  pAcm-2  the  linear 
slope  reflects  the  polarization  attributed  to  ohmic  losses  within  the 
fuel  cell  [40].  Over  the  investigated  current  density  range  no  mass 
transport  limitation  is  apparent,  which  would  be  indicated  by  a 
rapid  decay  of  cell  voltage  at  high  current  densities. 

Between  days  10  and  234  the  maximum  power  density 
decreases  from  (3.3  ±0.2)  to  (1.0  ±0.05)  pWcnrr2,  a  reduction  in 
performance  by  approx.  70%.  This  is  comparable  to  the  results  of  Rao 
et  al.  [22]  where  over  a  period  of  80  days  the  power  output  of  a  fuel 
cell  operated  in  modified  Ringer-solution  (5  x  10-3  molL-1  glucose, 
p02  =  47  mbar)  decreased  by  50%  from  approx.  110  to  55  pAV.  Unfor¬ 
tunately  the  dimensions  and  construction  of  this  fuel  cell  have  not 
been  specified,  so  that  a  direct  comparison  of  power  densities  is  not 
possible.  Elsewhere  Rao  et  al.  reported  power  densities  between 
4  [14]  and  7  pWcnrr2  [22],  which  is  in  the  range  of  the  present 
results. 

From  the  polarization  curves  in  Fig.  6  it  is  apparent  that  the 
performance  degradation  over  time  is  largely  caused  by  a  loss 
in  open  circuit  voltage,  which  decreases  from  (337  ±10)  mV  at 
day  10  to  (241  ±6)  mV  at  day  234.  Only  a  minor  fraction  of  the 
overall  degradation  stems  from  an  increase  in  activation  and  also 
ohmic  polarization.  Here  the  performance  characterization  with 


Cathode 


Anode 


Fig.  7.  Polarization  plots  of  the  fuel  cell’s  cathode  and  anode,  recorded  after  10,  47, 192,  and  234  days  of  operation  (as  indicated  in  the  figure).  Given  is  the  average  of  three 
parallel  experiments,  bars  represent  maximum  and  minimum  values. 
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Fig.  9.  Comparison  between  current  density-potential  plots  of  aged  and  freshly 
prepared  anodes.  (A)  Freshly  prepared  half-cell  anodes  in  oxygen-free  solution.  (B) 
Aged  fuel  cells  anodes  in  oxygen-free  solution  (after  259  days  of  operation).  (C)  Aged 
fuel  cells  anodes  in  aerated  solution  (after  234  days  of  operation,  see  also  Fig.  7). 
Given  is  the  average  of  three  parallel  experiments,  bars  represent  maximum  and 
minimum  values. 

individually  recorded  electrode  potentials  allows  for  the  separate 
assessment  of  cathode  and  anode  degradation.  The  corresponding 
current  density-potential  plots,  recorded  at  different  times  dur¬ 
ing  the  long-term  experiment,  are  shown  in  Fig.  7.  For  clarity  only 
the  curves  recorded  after  10, 47, 192,  and  234  days  are  displayed.  In 
addition,  the  progression  of  performance  degradation  over  the  240- 
day  testing  period  is  shown  in  Fig.  8.  Displayed  are  the  potentials 
of  cathode  and  anode  at  open  circuit,  4.4,  and  17.8  pAcm-2. 

The  cathode  open  circuit  potential  does  not  change  signif¬ 
icantly  over  the  complete  testing  period.  However,  there  is  a 
gradual  increase  in  cathode  polarization  under  load.  The  degra¬ 
dation  rate  is  virtually  constant  and  amounts  to  -(0.132  ±0.01) 
and  -(0.193  ±0.02)  mV  day-1  for  current  densities  of  8.9  and 
17.8  |jiAcm-2,  respectively  (Fig.  8).  From  the  shape  of  the  cathode 
current  density-potential  plots  degradation  can  be  attributed  to 
two  processes,  dominating  in  different  current  density  regimes. 
At  current  densities  below  4.4  |jiAcm-2  the  increased  polarization 
suggests  a  decrease  in  catalytic  activity  of  the  catalyst  (activa¬ 
tion  polarization).  The  area  specific  resistance  of  the  cathode  in 
the  ohmic  range  can  be  calculated  from  the  linear  slope  between 
4.4  and  13.3  puAcm-2.  Between  days  10  and  234  it  increases  from 
(75.4  ±  0.2)  to  (111.2  ±  3.8)  k£2  cm2.  This  suggests  a  decrease  in  elec¬ 
trical  conductivity  of  the  cathode  due  to  a  loss  of  electrical  contact 
between  the  catalyst  particles,  and  might  be  related  to  extended 


swelling  or  chemical  degradation  (hydrolysis)  of  the  PVA-PAA 
hydrogel  binder  [22]. 

A  different  behavior  is  observed  at  the  anode,  which  clearly 
dominates  the  overall  degradation  of  fuel  cell  performance. 
Between  days  10  and  84  of  the  experiment  the  anode  exhibits 
a  higher  degradation  rate  than  the  cathode.  It  amounts  to 
+(0.9  ±0.2)  and  +(0.9  ±0.3)  mV  day-1  for  current  densities  of  8.9 
and  17.8  pA  cm-2,  respectively.  For  both  current  densities  this  value 
decreases  to  +(0.1  ±  0.1 )  mV  day-1  between  84  and  192  days  of  oper¬ 
ation,  which  is  comparable  to  the  cathode.  Although  this  suggests 
a  possible  stabilization  there  is  again  an  increase  in  degradation 
rate  between  days  192  and  234  of  the  experiment,  amounting  to 
+(0.8  ±0.1)  and  +(1.2  ±0.1)  mV  day-1  for  current  densities  of  8.9 
and  17.8  fxAcnrr2,  respectively  (Fig.  8). 

As  can  be  seen  from  both,  Figs.  7  and  8,  the  anode  degrada¬ 
tion  is  governed  by  a  large  positive  shift  in  open  circuit  potential, 
amounting  to  +(109  ±  10)  mV  between  days  10  and  234.  In  contrast 
to  the  cathodes,  the  anode  polarization  plots  exhibit  a  compa¬ 
rable  slope  throughout  the  experiment.  Unfortunately,  the  linear 
slope  between  4.4  and  13.3  pAcm-2  cannot  be  solely  attributed  to 
ohmic  anode  polarization,  due  to  the  possible  interference  of  oxy¬ 
gen  crossover  through  the  cathode.  Therefore  the  calculation  of  the 
area  specific  resistance  is  not  useful. 

Although  the  positive  shift  in  anode  open  circuit  potential  indi¬ 
cates  a  decrease  in  catalytic  activity,  a  corresponding  activation 
polarization  in  the  low  current  density  range  is  not  observed.  A 
reasonable  explanation  can  be  the  presence  of  oxygen  at  the  anode 
due  to  an  incomplete  reactant  separation.  The  simultaneous  oxi¬ 
dation  of  glucose  and  reduction  of  oxygen  at  the  non-selective 
anode  would  thus  lead  to  an  internal  current  and  polarization 
independent  of  external  current  flow.  To  verify  this  hypothesis 
the  aged  fuel  cell  anodes  were  operated  in  oxygen-free  medium 
against  an  external  counter  electrode.  The  corresponding  current 
density-potential  plot,  recorded  after  259  days  of  operation  is 
shown  in  Fig.  9,  together  with  the  polarization  curve  of  freshly 
prepared  similarly  constructed  half-cell  anodes  [8]  in  oxygen-free 
solution.  For  comparison,  the  current  density-potential  plot  of  the 
aged  anodes  operated  as  part  of  a  fuel  cell  in  aerated  solution  is 
also  shown.  The  before  mentioned  hypothesis  is  endorsed  by  the 
experimental  results,  since  in  oxygen-free  medium  the  aged  fuel 
cell  anodes  now  exhibit  a  pronounced  activation  polarization  in  the 
low  current  density  region.  In  contrast,  no  activation  polarization  is 
apparent  with  the  freshly  prepared  half-cell  anodes  operated  under 
the  same  conditions.  Furthermore,  the  open  circuit  potential  of  the 
aged  anodes  is  by  approximately  180  mV  more  positive  than  with 


Fig.  10.  Effect  of  oxygen  partial  pressure  on  the  electrode  potentials  at  different  current  densities.  The  oxygen  partial  pressure  in  the  testing  medium  is  indicated  in  the  figure. 
The  potential  values  are  normalized  to  the  corresponding  potentials  of  three  reference  fuel  cells  operated  at  an  oxygen  partial  pressure  196  mbar.  Bars  represent  maximum 
and  minimum  values. 
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the  freshly  prepared  anodes.  Both,  the  positive  shift  in  open  circuit 
potential  and  the  apparent  activation  polarization  after  prolonged 
operation  indicate  that  degradation  at  the  anode  stems  from  a  deac¬ 
tivation  of  the  platinum-bismuth  catalyst.  A  likely  explanation  for 
the  loss  in  catalytic  activity  is  the  adsorption  of  glucose  oxidation 
products  [41,42]. 

5.3.  Oxygen  sensitivity 

In  Fig.  10  the  effect  of  lower  oxygen  partial  on  anode  and  cathode 
potential  of  an  operating  fuel  cell  is  compared  to  three  refer¬ 
ence  fuel  cells  operating  at  the  constant  oxygen  partial  pressure 
of  196mbar.  At  the  cathode,  a  decrease  in  oxygen  partial  pressure 
from  196  to  33  mbar  has  only  a  small  effect  on  open  circuit  poten¬ 
tial,  amounting  to  -(14  ±8)  mV.  The  corresponding  anode  open 
circuit  potential  shift  is  approx,  sevenfold  larger  and  amounts  to 
-(103  ±9)  mV.  The  large  negative  potential  shift  at  the  anode  is 
attributed  to  a  diminished  oxygen  crossover  through  the  cathode 
at  lower  oxygen  partial  pressures.  Consequently  the  formation  of 
the  mixed  potential  at  the  anode  is  less  pronounced  and  the  elec¬ 
trode  attains  a  more  negative  potential  closer  to  the  redox  potential 
of  glucose  oxidation  (see  also  Section  2.1 ). 

Under  load  the  cathode  polarization  (as  compared  to  the  ref¬ 
erence  cells)  increases  both,  with  increasing  current  density  and 
decreasing  oxygen  partial  pressure.  This  shows  that  under  reduced 
oxygen  partial  pressures  mass  transfer  losses  increasingly  domi¬ 
nate  the  cathode  reaction.  These  losses  are  partly  counterbalanced 
by  a  more  negative  anode  potential  due  to  diminished  oxygen 
crossover.  A  change  in  oxygen  partial  pressure  from  196  to  131  mbar 
therefore  does  not  lead  to  a  significant  change  in  peak  performance 
of  the  fuel  cells.  However,  at  the  lower  physiological  oxygen  partial 
pressures  (65  and  33  mbar,  estimated  range  in  body  tissue,  see  Sec¬ 
tion  4.3)  the  peak  performance  is  reduced  by  approximately  20%, 
as  compared  to  the  reference  cells  operating  at  an  oxygen  partial 
pressure  of  196  mbar  (data  not  shown).  Also,  there  is  a  noticeable 
negative  shift  in  anode  potential  when  decreasing  the  oxygen  par¬ 
tial  pressure  from  65  to  33  mbar,  amounting  to  values  around  20  mV 
over  the  investigated  current  density  range.  This  shows  that  even  in 
the  relatively  low  physiological  oxygen  partial  pressure  range  the 
reactant  separation  in  the  fuel  cell  is  incomplete. 

5.4.  Glucose  sensitivity 

The  sensitivity  of  the  fuel  cells  electrode  potential  to  variations 
in  glucose  concentration  was  investigated  at  a  current  density  of 
8.9  |jiA  cm-2  and  under  oxygen  partial  pressures  of  196  and  33  mbar. 
The  cathode  potential  is  not  significantly  influenced  (voltage  shift 
of  less  than  2  mV,  data  not  shown)  by  variations  in  glucose  con¬ 
centration  within  the  investigated  range.  In  contrast,  the  stepwise 
increase  of  glucose  concentration  results  in  a  negative  potential 
shift  at  the  anode  (Fig.  11).  Both,  at  oxygen  partial  pressures  of  196 
and  33  mbar  this  negative  potential  shift  decreases  with  increasing 
glucose  concentration  in  the  testing  solution.  The  magnitude  of  the 
negative  potential  shift  is  more  pronounced  at  196  mbar  oxygen 
partial  pressure.  Here,  the  increase  in  glucose  concentration  from 
3.8  x  10-3  to  5.0  x  10-3  mol  L-1  (approximate  concentration  differ¬ 
ence  between  tissue  and  blood  [39])  results  in  a  negative  potential 
shift  of  -(131  ±  22)  mV.  This  is  almost  eight  times  higher  than  the 
negative  potential  shift  of  -(17  ±  1 )  mV  observed  at  an  oxygen  par¬ 
tial  pressure  of  33  mbar.  The  glucose  sensitivity  can  therefore  be 
explained  by  the  incomplete  separation  of  reactants  and  the  result¬ 
ing  crossover  of  oxygen  to  the  anode  (see  also  Section  5.2).  Both, 
at  lower  oxygen  partial  pressure  or  higher  glucose  concentration 
the  oxygen  present  at  the  anode  is  more  effectively  consumed  by 
a  direct  chemical  reaction  with  glucose  in  the  outer  layers  of  the 


Fig.  11.  Effect  of  glucose  concentration  increase  on  the  anode  potential  at  a  current 
density  of  8.9  (jiAcm-2,  recorded  under  two  different  oxygen  partial  pressures  (as 
indicated  in  the  figure).  Given  is  the  average  of  three  parallel  experiments,  bars 
represent  maximum  and  minimum  values. 


anode.  The  formation  of  a  mixed  potential  is  thereby  diminished, 
and  the  anode  attains  a  potential  closer  to  the  redox  potential  of 
glucose  oxidation  (see  also  Section  2.1 ).  This  explanation  is  in  agree¬ 
ment  with  Wolfson  et  al.  [24],  who  found  that  in  the  absence  of 
oxygen  the  glucose  oxidation  performance  of  platinum  electrodes 
is  not  significantly  influenced  by  varying  glucose  concentrations  in 
the  range  of  0.05  x  10-3  to  50  x  10-3  mol  L-1 . 

Of  particular  interest  is  the  performance  of  the  fuel  cells  when 
both,  the  oxygen  partial  pressure  and  the  glucose  concentration 
resemble  the  situation  in  body  tissue.  This  data  point  is  available 
from  the  glucose  sensitivity  experiments  conducted  at  an  oxygen 
partial  pressure  of  33  mbar  and  with  a  glucose  concentration  of 
3.8 10-3  mol  L-1  in  the  testing  solution.  Under  these  conditions  the 
fuel  cell  power  density  amounts  to  (0.74  ±0.12)  pAV  cm-2  (recorded 
after  a  total  of  157  days  of  operation,  data  not  shown).  At  the  same 
oxygen  partial  pressure  but  at  the  higher  glucose  concentration 
of  5  x  10-3  mol  L-1  the  power  density  is  (0.83  ±  0.09)  pAV cm-2,  a 
performance  increase  of  only  approx.  13%. 

6.  Conclusion 

Based  on  the  historic  publications  of  Rao  et  al.  [14]  we  success¬ 
fully  reconstructed  a  comprehensive  manufacturing  protocol  for 
abiotically  catalyzed  glucose  fuel  cells  and  characterized  their  long¬ 
term  performance  in  physiological  glucose  solution.  Over  a  period 
of 224  days  the  maximum  power  density  decreased  from  (3.3  ±  0.2) 
to  (1.0±0.05)pAVcm-2.  This  is  comparable  to  the  performance 
reported  for  similarly  constructed  fuel  cells  [14,22]. 

A  novel  aspect  of  the  present  work  is  the  characterization  of  fuel 
cell  performance  with  individually  resolved  electrode  potentials. 
This  technique  enables  us  to  show  that  the  major  share  of  overall 
fuel  cell  degradation  stems  from  a  shift  in  anode  open  circuit  poten¬ 
tial  to  more  positive  values.  The  experimental  results  indicate  that 
this  roots  from  a  gradual  deactivation  of  the  platinum-bismuth  cat¬ 
alyst,  presumably  by  adsorption  of  glucose  oxidation  products.  The 
key  challenge  for  successful  long-term  application  of  the  technol¬ 
ogy  as  sustainable  medical  implant  power  supply  will  therefore 
be  the  development  of  more  poisoning-resistant  glucose  oxida¬ 
tion  catalysts.  In  this  context  Raney-type  catalysts,  fabricated  from 
platinum-nickel  alloys,  have  already  shown  excellent  performance 
[25].  However,  from  the  viewpoint  of  biocompatibility  the  use  of 
nickel  is  problematic  and  future  research  will  have  to  concentrate 
on  non-toxic  alloying  partners. 
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While  less  pronounced,  cathode  degradation  is  a  further  aspect 
to  be  optimized.  Besides  a  progressing  deactivation  of  the  acti¬ 
vated  carbon  catalyst,  part  of  the  performance  loss  can  also  be 
attributed  to  an  increasing  area  specific  resistance  in  the  ohmic 
range.  This  suggests  a  progressing  loss  of  electrical  contact  between 
the  activated  carbon  particles  due  to  a  chemical  degradation  of  the 
PVA-PAA  binder.  Improvement  can  be  expected  from  the  applica¬ 
tion  of  chemically  more  stable  polymers  as  well  as  the  construction 
of  binder-less  electrodes  based  on  inherently  conductive  porous 
substrates. 

Besides  the  time-dependent  degradation  of  anode  and  cath¬ 
ode,  we  were  able  to  identify  two  further  factors  influencing  fuel 
cell  power  density.  First  of  all,  the  reactant  separation  in  the  pre¬ 
sented  fuel  cells  is  not  complete,  so  that  under  all  the  investigated 
operation  conditions  oxygen  reaches  to  the  anode.  This  leads  to 
the  formation  of  a  mixed  potential  that  is  more  positive  than  the 
anode  potential  in  oxygen-free  solution.  The  fuel  cell  performance 
might  thus  be  significantly  improved  by  implementing  a  catalyt- 
ically  active  interlayer  between  the  electrodes,  where  oxygen  is 
consumed  by  a  direct  chemical  reaction  with  glucose.  The  second 
factor  is  the  mass  transfer  governed  cathode  reaction  under  the  rel¬ 
atively  low  physiological  oxygen  partial  pressures.  This  limitation 
might  be  alleviated  by  the  application  of  more  effective  oxygen 
reduction  catalysts  that,  in  contrast  to  the  two-electron  pathway 
observed  on  carbon  materials  [43],  enable  the  transfer  of  four  elec¬ 
trons  per  molecule  oxygen.  Prime  candidates  are  platinum  [44,45] 
and  its  alloys  that  also  exhibit  a  more  positive  electrode  poten¬ 
tial  upon  oxygen  reduction  [14,46].  Obviously,  these  catalysts  will 
either  have  to  be  selective  toward  oxygen  reduction  in  the  pres¬ 
ence  of  glucose,  or  protected  for  instance  with  a  polymer  layer 
that  is  impermeable  to  glucose  to  prevent  the  formation  of  a  mixed 
potential  at  the  cathode. 
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